Genetics is behind our circadian machinery. CLOCK (Circadian Locomotor Output Cycles Kaput) 3111T/C single-nucleotide polymorphism (SNP) has been previously related to obesity and weight loss. However, phenotypic association and functionality of CLOCK 3111 locus is still unknown. The aim of this study was to determine, in free-living conditions, if the presence of CLOCK 3111C in overweight women could be related to (a) circadian disorders, and (b) changes in sleep quality, to improve understanding of the previously demonstrated associations with obesity and reduced weight loss of the C carriers. METHODS: Wrist temperature, actimetry and position (TAP) and TAP variables were measured as markers of circadian functionality during 8 consecutive days. A rest-activity and food diary was also completed, whereas sleep quality was determined by domiciliary polysomnography. We recruited 85 women who were overweight with body mass index (BMI) of 28.59±4.30 kg m À 2 and age 43 ± 12 years. From this sample, we found that 43 women were carrying the minor allele (C) for CLOCK 3111T/C SNP and 42 women were TT carriers (major allele carriers). Both groups of patients were matched for number, age, obesity parameters and energy intake. RESULTS: Compared with TT subjects, who showed more robust circadian rhythm profiles, patients with the C allele displayed significant circadian abnormalities: lower amplitude and greater fragmentation of the rhythm, a less stable circadian pattern and a significantly weakened circadian function, as assessed by the circadian function index (CFI). C subjects were also less active, started their activities later in the morning and were sleepier during the day, showing a delayed acrophase that characterizes 'evening-type' subjects. CONCLUSION: C genetic variants in CLOCK 3111T/C display a less robust circadian rhythm than TT and a delayed acrophase that characterizes 'evening-type' subjects. We support the notion that identifying CLOCK genotypes in patients may assist the therapist in characterization of the roots of the metabolic problem.
INTRODUCTION
Our circadian timekeeping machinery is driven by a complex genetic network of checks and balances. The great inter-individual differences observed in chronotype, responses to sleep curtailment and association with obesity point to an underlying genetic component, and some limited data suggest that genetic variation at loci involved in circadian regulation may underlie these large phenotypic differences.
In this regard, genetic variation at the CLOCK (Circadian Locomotor Output Cycles Kaput), a key driver of the circadian rhythm, has been related to psychological alterations and eveningness, [1] [2] [3] [4] [5] and one particular CLOCK single-nucleotide polymorphism (SNP) within the 3 0 -untranslated terminal region (3111T/C) has been associated with obesity. 6 Moreover, this SNP has been associated with weight loss. Thus, carriers of the C allele displayed greater difficulty in losing weight than non-carriers. 7 It has been proposed that the relationship between this SNP and weight loss could be mediated by sleep reduction and eveningness, 8 as well as sleep quality; 9 however, these findings are controversial partly owing to the fact that they are mostly performed with sleep quality questionnaires and not with polysomnography, considered the reference technique for this purpose. In addition, we might also postulate that CLOCK 3111T/C minor allele carriers (C) could be suffering from circadian misalignments, such as delayed or advanced sleep phase syndrome, free running syndrome or irregular circadian rhythms, that could also affect obesity and weight loss.
To evaluate and diagnose circadian disorders, actimetry has been considered the method of choice though, as with any other measurement, it is subject to masking and artifacts. [10] [11] Recently, the rhythm of skin peripheral temperature has been proposed as a marker in obesity. 12 A more in-depth method, called the temperature, actimetry and position (TAP) algorithm, has been also proposed by Ortiz-Tudela et al. 13 This measurement is based on integrating, after normalization, the following variables: skin temperature, motor activity and body position. The first of these variables, skin temperature, is mostly under endogenous control, while motor activity is modified voluntarily, but it has also an endogenous component. Lastly, of the three variables used for the integration, body position is the most closely dependent on voluntary control. These rhythmic variables considered to be circadian markers have artifacts and masking factors, as used separately. However, the combination of these measurements in one algorithm, TAP, diminishes the presence of masking factors, and converts this measurement in a suitable tool to evaluate the status of the human circadian system under normal living conditions. 13 The aim of this study was to define, in free-living conditions, whether the presence of this particular genetic variant CLOCK 3111C in overweight or moderate obese women could be related to (a) circadian disorders using temperature, actimetry position and TAP variables as a marker of circadian disruption, and (b) changes in sleep quality as assessed by domiciliary polysomnography. Our primary objectives are to improve understanding of the previously demonstrated associations with obesity and reduced weight loss observed in CLOCK 3111C carriers.
METHODS

Study population
We recruited 85 women who were overweight with body mass index (BMI) of 28.6 ± 4.3 kg m À 2 and age 43 ± 12 years. Subjects were randomly selected from a previous study in which we investigated the association between CLOCK genes and weight loss. 7, 8, 14 From this sample, 43 women were carrying the CLOCK 3111C allele (CC and TC) and 42 women were TT carriers. C carriers were pooled for analyses based on previous studies showing that C/C had characteristics similar to that of T/C subjects. 15 Both genotype-based groups were matched for age, obesity parameters, energy intake (Table 1) and menopausal status (27% were postmenopausal).
All subjects attended outpatient obesity clinics in the city of Murcia, located in southeastern Spain. Patients receiving thermogenic, lipogenic, sleep drugs or melatonin, or those diagnosed with insomnia, cognitive disorders, diabetes mellitus, chronic renal failure, hepatic diseases or cancer were excluded from the study. All procedures were in accordance with good clinical practice and patient data were codified to guarantee anonymity. The written informed consent was obtained before subjects were included in the study and was performed in accordance with the Helsinki Declaration of Human Studies and approved by the Ethical Committee of the University of Murcia (Murcia, Spain).
Obesity-related parameters
Body weight was determined in barefooted subjects wearing light clothes using a digital scale accurate to the nearest 0.1 kg. Height was measured using a Harpenden digital stadiometer (rank, 0.7-2.05). Height and weight measurements were always obtained at the same time of day. BMI was calculated as weight (kg)/height (m 2 ) Total body fat was measured by bioelectrical impedance, using TANITA TBF-300 (Tanita Corporation of America, Arlington Heights, IL, USA) equipment. Subjects were requested not to drink liquids during the 2 h before the measurement.
DNA isolation and CLOCK genotyping DNA was isolated from blood samples using standard procedures (Qiagen, Valencia, CA, USA). We performed genotyping of the CLOCK 3111T/C SNP using a TaqMan assay with allele-specific probes on the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA) according to the standardized laboratory protocols. 16 Dietary intake and biochemical analyses Initial energy and nutrient intake was determined by means of a 24 h dietary recall, whereas biochemical markers were measured in fasting blood samples at the beginning of the treatment as described previously. CLOCK 3111T/C and circadian rhythmicity C Bandín et al programmed to sample every 10 min. It was attached to a double-sided cotton sport wrist band, and the sensor surface was placed over the inside of the wrist on the radial artery of the non-dominant hand, as described previously by Sarabia et al. 12 The information stored in the iButton was transferred through an adapter (DS1402D-DR8; Dallas, Maxim) to a personal computer using iButton Viewer v. 3.22 (Dallas Semiconductor MAXIM software provided by the manufacturer).
Data were recorded during the months of November to May, with environmental temperatures ranging between 16.1 1C and 21.3 1C (data obtained from the Center for Statistics of Murcia), to minimize the influence of extreme environmental temperatures on WT.
Body position and rest-activity rhythm. The body position and restactivity rhythm was assessed over the same 8 days using a HOBO Pendant G Acceleration Data Logger UA-004-64 (Onset Computer, Bourne, MA, USA) placed on the non-dominant arm by means of a sports band, with its X axis parallel to the humerus bone. The sensor was programmed to record data every 30 s.
The information stored in the actimeter was transferred through an optical USB Base Station (MAN-BASE-U-4, HOBO; Onset Computer) to a personal computer using the software provided by the manufacturer (HOBOware 2.2). From the information provided by the actimeter, we defined two variables: motor activity (A) and body position (P). First, A was calculated as degrees of change in X, Y and Z axis position with respect to the previous sampling time as described by Ortiz-Tudela et al. 13 Second, P was calculated as the angle between X axis of the actimeter and the horizontal plane, being its value 01 when the arm is in a horizontal position and 901 when it is vertically aligned. 13 
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CC Figure 1 . Daily mean waveform of wrist temperature (a), actimetry (b), position (c), sleep probability (d) and TAP (e) recorded over a 8-day period in C and TT overweight women. Red arrow points to the segment that represents the drop after arising in the morning, which is significantly different between both groups of women (Po0.05). Moreover, those sections of the graph with significant differences (Po0.05) between C and TT women are highlighted in all figures.
TAP. To obtain the integrated TAP variable, we first normalized the three variables (T, A and P) by calculating the 95th and 5th percentiles for each variable and volunteer. 13 Motor activity and body position show their higher levels during daytime, when the subject is active. WT profile, on the contrary, shows its higher levels during the night, when the subject is resting. Thereafter, to calculate TAP, we reversed the T profile. In a third step, we calculated the mean of three normalized variables. Thus, 0 corresponded to complete rest and sleep, and 1 to periods of high arousal and movement.
Sleep characteristics
Over the 8 days of the experiment, all subjects were instructed to complete a rest-activity and food diary designed by the Chronobiology Laboratory at the University of Murcia (Murcia, Spain), 13 and from these diaries we obtained the habitual sleep and food intake time recording.
Sleep quality was assessed with domiciliary polisomnography (SOMNOscreen EEG 10-20; SOMNOmedics GmbH, Randersacker, Germany). The conditions and the phases of the human sleep were defined according to the typical pattern observed by means of the electroencephalogram, the electrooculogram (a measurement of the ocular movements) and the surface electromiogram. With this test, a variety of corporal functions during the sleep was registered, such as the electrical activity of the brain, the ocular movement, the muscular activity, the heart rate, the respiratory effort, the entry of the air and oxygen concentration in the blood. The examination was carried out during the night in the patients' house, to be able to study the normal patterns of dream. The specialist placed the electrodes in the chin, the hairy leather and in the external edge of the eyelids. The signs from the electrodes were registered while patient was with the closed eyes and during the sleep. Different indicators of the sleep quality of the patients were obtained, such as sleep efficiency (%), sleep latency (h), latency rapid eye movement (h), arousals (%), obstructive apneas (events per h), desaturations (events per hour 43%) and mean heart rate (b.p.m.), among others.
Statistical methods and variables obtained
To characterize WT, activity and position rhythms, we calculated the following parameters using parametric and non-parametric methods.
Cosinor's analysis Mesor: Mean value of the rhythm fitted to a cosine function. Amplitude: Difference between the maximum (or minimum) value of the cosine function and mesor. Acrophase: Timing of the maximum value of the cosine function. Rayleigh test: A measure of the rhythm's phase stability during successive days. This test provides an r vector with its origin at the center of a circumference of radius one. The r vector length (between 0 and 1) is proportional to the degree of phase homogeneity during the period analyzed.
Fourier analysis First harmonic's power (P1): Spectral power of the 24 h rhythm. Twelfth harmonic's accumulated power (PACUM12), which indicates the accumulated spectral power of the first twelfth harmonics (from 24 to 2 h periods).
Non-parametric analysis 20 Interdaily stability: The similarity of the 24 h pattern over days. It varied between 0 for Gaussian noise and 1 for perfect stability, where the pattern repeated itself exactly day after day. Intradaily variability (IV), which characterizes the rhythm fragmentation. Its values oscillated between 0, when the wave was perfectly sinusoidal, and 2, when the wave was as Gaussian noise. Average of the 5 consecutive hours of maximum values (M5) of WT and its timing (TM5). In the case of A and P, the average 10 consecutive hours of maximum values (M10) and its timing (TM10) were calculated. Hourly average during the 10 consecutive hours of minimum values (L10) of WT and its timing (TL10). For A and P variables, hourly average during the 5 consecutive hours of minimum values (L5) of WT and its timing (TL5) were obtained. Relative amplitude, it was calculated by the difference between M5 and L10 divided by the sum of M5 and L10. CFI: A numerical index that determines the circadian robustness and is based on three circadian parameters: interdaily stability, IV and relative amplitude. 13 All these rhythmic parameters were obtained by using an integrated package for temporal series analysis 'Circadianware' (Chronobiology Laboratory, University of Murcia, 2010). To assess statistical differences between C and TT women in the waveforms, a repeated-measures analysis of variance was performed for the group of women (global analysis of variance, P for genetic variant influence), the kinetics of the response (P for time) and the interaction of both factors (genetic variant Â time). When statistical differences were found by the repeated-measures analysis of variance, a multiple-comparison test, adjusted by the least significant difference, was applied to identify differences between the two groups of women for each timepoint of extraction. Table 1 represents some relevant characteristics of the studied population. The two groups did not significantly differ in age, obesity-related characteristics or energy intake.
RESULTS
However, C carriers tended to be more evening type than CT þ TT carriers as assessed by the Horne and Ostberg questionnaire (mean ± s.d.) (49.53 ± 8.31; 52.95 ± 9.01) for minor and major carriers, respectively (P ¼ 0.072).
To show the functional relevance of 3111TC in chronodisruption, we assessed its influence on skin temperature, actimetry, position and TAP parameters ( Table 2) . Patients with the C allele displayed significant abnormalities in their circadian rhythmicity. These were particularly relevant among the WT parameters, with significantly lower amplitude (total and relative), lower first harmonic power (P1), higher temperature values during the active period (L10) and lower CFI, which indicated a diminished circadian robustness among minor allele women (Table 2) .
Actimetry and position parameters confirmed circadian misalignments in C carriers, with a delayed acrophase in the position, which suggested a tendency to the eveningness and a less stable rhythm (Rayleig test) ( Table 2) .
C women also showed a higher IV in TAP, which implies a greater fragmentation of the rhythm in C women as compared with their TT counterparts and a phase delay in the time of day when subjects were at rest and TAP presented the lowest values (TL5) ( Table 2 ). This time can be considered as a valuable phase reference for the circadian system, and coincides with the maximum value of wrist skin temperature and the center of the sleep period.
Interestingly, Pearson's correlations analyses showed an association between decreased amplitude, eveningness (delayed acrophase) (r ¼ À 0.26; P ¼ 0.017) and an increased fragmentation of rhythms (IV) (r ¼ À 0.46, Po0.0001), all of these features that characterize cronodisruption in evening-type individuals.
Daily mean waveforms in both C and TT women are represented in Figure 1a -e for WT, motor activity, body position, sleep probability and TAP. As expected, both groups exhibited similar daily WT patterns, characterized by an increase before the time of lights-off at bedtime, a nocturnal steady state with high temperatures and a pronounced drop after arising in the morning. There was a secondary peak around afternoon, a period associated with naps, and a dip between 2000 and 2200 h, a period already known as the 'wake maintenance zone'.
A roughly inverse pattern was observed for motor activity and body position (Figure 1b and c) , which displayed higher values during the day and lower values at night, when the subject was resting. Figure 1d represents the sleep probability waveform, while the integrated TAP variable is shown in Figure 1e . Each rest period, whether diurnal or nocturnal, coincided with a series of very low TAP values, and implied the coexistence of low activity, horizontal position and high temperature. The TAP mean waveform was characterized by a broad dip during sleep time, and a consistent, but transient TAP dip around 1600-1700 h, following the subjects' usual lunch time and during their normal nap period. Maximum TAP values were observed between 1200-1400 h and 2000-2200 h. Again, TAP values started to decrease in advance of bedtime.
When we analyzed potential differences in the mean waveforms of C and TT subjects, we observed that in the WT curve, C women showed a slower decrease after the morning arising, whereas in TT women this decrease tended to be sharper (Po0.05) (Figure 1a) . In contrast, during the 'wake maintenance zone' C women had a lower dip, characterized by higher mean temperatures (Figure 1a) . In general, C women displayed higher temperature values than TT along the day, which is related to diurnal skin vasodilatation and propensity to sleepiness.
Significant differences were also obtained in activity, position and sleep probability waveforms depending on the genetic variant. Data consistently showed that TT homozygotes were more active during the day. Moreover, C women started to be active later in the morning, showing a delayed phase as compared with TT. These data were confirmed with position, sleep probability and TAP waveforms and with records from the restactivity diary showing that C women used to get up later than TT, and as a consequence they tended to sleep longer (Table 3) . When analysis of repeated measurements was performed, differences were statistically significant in the several sections of the curves as represented in Figure 1 (Po0.05) . However, no significant differences were found between C and TT women in the sleep quality as assessed by polysomnography or in the food intake timing (Table 3) .
DISCUSSION
The aim of this study was to gain deeper understanding regarding the previously reported association of the CLOCK 3111T/C SNP with obesity and weight loss.
This study represents the first systematic evaluation of circadian rhythms of the CLOCK 3111T/C SNP in overweight women under habitual living conditions as determined by TAP and the integrated TAP variable. Compared with TT subjects, who showed healthier and more robust circadian rhythm profiles, patients with the C allele displayed significant circadian abnormalities: lower amplitude and greater fragmentation of the rhythm, a less stable circadian pattern and a significantly weakened circadian function, as assessed by the CFI index. C subjects were also less active than TT, started their activities later in the morning and were sleepier during the day, showing a delayed acrophase, which characterizes 'evening-type' subjects.
From all these circadian variables, the reduced amplitude of the rhythm is considered to be one of the most prominent circadian rhythm changes in aging. 21 This parameter tends to be high in subjects with a healthy circadian system and who have a stable daily routine, whereas low amplitudes have been described in the elderly 21 and also in illnesses such as Alzheimer [20] [21] or obesity. 22 In this study, the C patients showed lower amplitudes in the mean waveform and in the resultant temperature parameter as compared with TT, which suggests a more aged circadian system. In addition, the Rayleigh index was lower in C women than in TT, signifying a less stable rhythm in the actimetry and position analyses. IV in TAP was also related to C genetic variation among the women studied. This suggests a greater fragmentation of the restactivity rhythm in C women as compared with their TT counterparts. This measure of the fragmentation is dependent on endogenous circadian disturbances. It shows a moderate correlation with functional, social and emotional well-being. For example, fragmentation increases in association with dementia, cognitive decline, and so on. 23 Increased IV has been also related with aging, 21 probably due to the increased daytime napping and nocturnal awakenings in the elderly, and also with obesity, 22 where IV was also related to a decrease in the amplitude of the melatonin daily rhythmicity, 22 a biological sign of chronodisruption. 24 The minimum value of temperature during 10 consecutive hours was also significantly higher in C individuals than in TT. Higher temperatures have been related to diurnal skin vasodilatation, parasympathetic activation and sleepiness. 25 Although the differences in mean temperature values between C and TT subjects may seem negligible (0.3 1C), this small difference appears to be sufficient to disrupt circadian rhythmicity. In fact, CLOCK 3111T/C and circadian rhythmicity C Bandín et al induction of a slight increase (0.4 1C) in skin temperature suppresses nocturnal wakefulness and shifts sleep to deeper stages. 26 From all the circadian variables analyzed, CFI is a very suitable index because it integrates three circadian parameters, each one providing complementary information about the circadian system: IV, amplitude and interdaily stability. 23 CFI allows us to classify the circadian system status of a population and has been shown to be accurate when trying to define the subjects' circadian status. 13 In general, the CFI of temperature was low in the women from the current sample for both C and TT subjects, and ranged between 0.57 (best) and 0.33 (worst) (data not shown), which indicated a lower circadian robustness in both groups of women as compared with healthy subjects in whom CFI of WT rhythm ranged from 0.73 to 0.43. 13 These differences between the study subjects and the reference values may be due to the moderate obesity of the women participating in our study. In addition, CFI was lower in C women than in their TT counterparts.
Of note, position acrophase showed a phase delay in minor C allele carriers as compared with TT carriers. Moreover, the timing of the 5 consecutive hours of lowest values (TL5) in TAP was also seen later among C women. This phase delay was also evident when we analyzed the different mean waveforms of the women studied. Indeed, C subjects tended to start their activity later in the morning and to be sleepier during the morning than TT, whereas TT were more active as consistently reflected in the chronograms obtained from the temperature, activity, position and TAP.
Previous research suggests that in healthy subjects, carriers of the 3111C allele showed a significantly higher evening preference on questionnaires with a 10 to 44 min delay in preferred timing for activity or sleep episodes. 27 Similar results were found by Benedetti et al. 4 in depressed subjects by actimetry, although it was only registered during one day and in laboratory conditions, which may not reflect their habitual behavior. In that particular study, TT homozygotes tended to decrease, whereas carriers of the C allele tended to increase activity during the evening before lights off. A situation that was not present in this study. However, there have been non-replications of their finding, [28] [29] [30] [31] underscoring the need of further research in relation to this SNP. Data from this study confirm the evening preferences of C minor allele carriers as demonstrated by (a) Horne Ostberg questionnaire, (b) the delayed phase in activity, position and TAP waveforms in C women and (c) their tendency to get up later in the morning (rest-activity diary). Moreover, our results show significant associations between decreased amplitude, eveningness (delayed acrophase) and increased fragmentation of rhythms, all of these features that characterize cronodisruption in evening-type individuals.
Nevertheless, our results indicated that C women circadian impairment was not a consequence of changes in food intake timing or a less quality sleep, as deduced from the food records and domiciliary polysomnography data.
Particularly relevant were the data derived from TAP because it was mentioned previously, it integrates temperature, activity and CLOCK 3111T/C and circadian rhythmicity C Bandín et al position and reduces the presence of artifacts; thus, it is considered a suitable tool to evaluate the status of the human circadian system. TAP indicate that C women had several circadian rhythmicity alterations that could explain the predisposition of the minor C allele carriers of CLOCK 3111T/C to suffer from obesity 32 and even cancer, 33 as well as the lower success in weight loss. 8, 9, 32 In summary, C genetic variants in CLOCK 3111T/C display a less robust circadian rhythm than TT and a delayed acrophase, which characterizes 'evening-type' subjects. We support the notion that identifying CLOCK genotypes in patients may assist therapist in characterization of the roots of the metabolic problem.
